The clinical relevance of multidrug resistance (MDR)-related blasts is higher in relapsed ALL patients than in patients at proteins in childhood acute lymphoblastic leukemia (ALL) is initial diagnosis. 
Introduction
Materials and methods The failure to respond to chemotherapy in many tumor types is a multifactorial phenomenon often including resistance to Leukemic cell samples different classes of drug, ie anthracyclines, vinca alkaloids and epipodophyllotoxins. Multidrug resistance (MDR) has been Leukemic cells were collected from bone marrow or periascribed to overexpression of the P-glycoprotein (P-gp). 1 More pheral blood samples from children with newly diagnosed recently, other proteins have also been associated with MDR ALL. These samples were sent by hospitals participating in the in several tumor cell lines without P-gp expression, ie the German COALL study group (head: Prof Dr G Janka-Schaub, MDR-associated protein (MRP) and lung resistance-related Universitäts Kinderklinik, Hamburg). Within 24 h of sampling, protein (LRP). [2] [3] [4] In childhood acute lymphoblastic leukemia the mononuclear cells were separated by Lymphoprep (ALL) the clinical relevance of these resistance proteins is (density 1.077 g/ml; Nycomed Pharma, Oslo, Norway) centrilargely unknown. Several studies have demonstrated that Pfugation at 480 g for 15 min at room temperature. The monogp is weakly expressed on leukemic cells, but controversial nuclear cells present in the interphase were recovered and results were obtained when comparing P-gp expression to washed twice in RPMI 1640 (Dutch modification; Gibco BRL, clinical outcome. [5] [6] [7] [8] [9] [10] Also for MRP the data are limited in Breda, The Netherlands) supplemented with 1% heat inactichildhood ALL; Beck and colleagues 5 observed no difference vated fetal calf serum (FCS; Gibco BRL). To test the reproduciin MRP expression between initial and first relapsed ALL bility of resistance protein staining, cells were cryopreserved patients, whereas an increase was demonstrated in multiple in 10% dimethyl sulfoxide (DMSO) and 20% FCS and stored relapsed ALL. For LRP only preliminary data are available yet, in liquid nitrogen. All samples contained more than 90% leuin which it is suggested that the percentage of LRP-positive kemic cells after separation using Lymphoprep.
Oncology of the Academic Hospital Vrije Universiteit, revealed comparable antibody concentrations, ie C219 10 g/ml, 4E3 10 g/ml, MRK16 5 g/ml, MRPm6 10 g/ml, Amsterdam, The Netherlands. The KB8-5 cells express P-gp at moderate levels. The SW1573-2R120 cells express MRP MRPr1 1.7 g/ml, LRP56 0.6 g/ml, ␣-Vim 1:4000 and DNA-42 0.2 g/ml. and LRP at moderate and high levels, respectively. 4, 15 The expression levels of resistance proteins in both cell lines were comparable with the levels observed in normal lymphocytes (Den Boer, manuscript in preparation). These cell lines were Immunocytochemistry used for first screening of fixatives and incubation conditions on the detection of resistance proteins.
Cytospins were prepared by centrifugation of 50 l cell suspension (0.5 × 10 6 cells/ml PBS containing 5% human serum albumin) at 50 g for 7 min. Cytospins were air-dried on silicagel for at least 48 h and either used directly or stored at −20°C.
Antibodies
Cells were fixed using the fixatives and incubation conditions as summarized in Table 1 . For immunocytochemical detec-P-gp was detected by the monoclonal antibodies C219 (intracellular epitope), 4E3 (extracellular; Centocor Diagnostion of resistance proteins, the peroxidase-labeled avidinbiotin method was used. All incubations were performed in a tics, Malvern, PA, USA) and MRK16 (extracellular; Kamiya Biomedical Company, Thousand Oaks, CA, USA), which are humidifier at room temperature. After each incubation cells were washed twice in PBS. Cells were incubated with primary all mouse IgG2a antibodies. MRP was detected by MRPm6 (intracellular, mouse IgG1) and MRPr1 (intracellular, rat antibody for 1 h, followed by an incubation with biotinylated rabbit anti-mouse or anti-rat antibodies (1:150 and 1:200 IgG2a).
16,17 LRP56 (intracellular, mouse IgG2b) was used to determine the LRP expression. 4 As control for the membrane dilution, respectively; Dako) for 1 h. Subsequently, cells were incubated with horseradish peroxidase-conjugated streptavipermeabilization and the intracellular cytoskeleton organization we used anti-vimentin (␣-Vim, mouse IgG1; Dept of Pathdin (1:500 HRP-strep; Zymed, San Francisco, CA, USA) for 60 min. The peroxidase activity was determined using 1 mM ology, Academic Hospital Vrije Universiteit, Amsterdam, The Netherlands). The permeabilization of the nucleus was 3,3Ј-diaminobenzidine (DAB; Sigma, St Louis, MO, USA), 0.05 M imidazole (Merck, Darmstadt, Germany) and 0.036% determined by staining of dsDNA (DNA-42, mouse IgG2a; a gift from Dr R Smeenk of the Central Laboratory of Blood H 2 O 2 in 0.05 M Tris buffer (pH 7.4) for 10 min. Finally, cells were counterstained using Mayer's Haematoxylin Solution Transfusion, Amsterdam, The Netherlands). Non-specific isotype-matched antibodies (Dako, Glostrup, Denmark) and (Merck) and embedded in malinol. The staining of cells was examined using a light microscope; three people (MLDB, omission of the primary antibody were used as negative controls. The primary antibodies were diluted in phosphate-buff-CMZ and MMAR) analyzed 100 cells each. In 80% of the examined slides the results were in agreement with each ered saline (PBS) containing 1% bovine serum albumin (BSA; Organon Teknika, Boxtel, The Netherlands). Secondary antiother. The discordant cases were re-analyzed together and resulted in agreement between the observers. bodies were diluted in PBS containing 1% BSA and 2% pooled human serum. All antibodies were first titrated on acetone fixed cell lines (Ac, Table 1) using immunocytochemistry. Next, optimal antibody concentrations were used to deterFlow cytometry mine the effect of various fixation conditions on the intensity of protein staining in cell lines and ALL cells, which was studCells were fixed using different conditions as summarized in Table 1 . After washing and centrifugation (480 g, 5 min) ied both in immunocytochemistry and flow cytometry. Finally, the antibodies were titrated on ALL cells using optimized fix-0.15 × 10 6 cells were incubated with primary antibody for 45 min at room temperature, subsequently washed, and incuation conditions both in immunocytochemistry and flow cytometry. The antibody titrations on cell lines and ALL cells bated with fluorescein isothiocyanate (FITC) conjugated rabbit anti-mouse F(abЈ) 2 or anti-rat antibodies (1:50 and 1:500, staining with all tested antibodies, the plasma membrane and nucleus were well permeabilized, vimentin filaments were respectively; Dako) for 30 min at room temperature. After washing, the amount of FITC-labeling was detected by flow clearly visible and morphology of cells was very good (Table  2a ). This fixation method was selected for further tests on leucytometry. The 488 nm line of an argon laser operating at 15 mW was used (FACScan; Becton Dickinson, Erembodekemic cell samples (discussed below). Acetone (Ac) fixation resulted in staining intensity of resistgem, Belgium). Green fluorescence was collected through a 530/30 nm bandpass filter set, and the signal was further proance proteins which was slightly less than those observed after 1% PF fixation. Compared with 1% PF, background staining cessed using log mode amplification. These measurements were performed using standardized instrument settings by was lower and morphology improved. Both Ac and 1% PF fixation resulted in clearly detectable staining and therefore applying a constant voltage for FL-1 height and 90°angle scatter measurements and a constant gain for forward scatter their suitability was further tested on ALL cells (discussed below). detection. These settings were kept the same for all ALL or cell line samples analyzed within one calibration interval of
In several studies on P-gp expression in cells of hematological origin, cells were fixed either at room temperature 7, 18 or the FACScan (ie between two services). In a comparable standardized setting for measurements on orange/red fluorescence at 4°C. 6, 10, 19 We were therefore interested in the influence of temperature on the efficiency of fixation. This was tested for (FL-2 height), the fluctuation in mean fluorescence intensity of propidium-labeled beads was less than 5% over a period acetone and 1% PF, although the latter has usually been performed at room temperature. 20, 21 Fixation with 1% PF at 4°C of 6 months between two services of the FACScan (PI-beads; Flow Cytometry Standard Corporation, San Juan, PR, USA).
was studied because a lower temperature might reduce the background staining. However, both 1% PF fixation at 4°C Flow cytometry data were analyzed using LYSYS II software (Becton Dickinson). The mean fluorescence intensity of a and at room temperature resulted in similar staining by isotypic control and resistance protein antibodies. Both incugated population of cells (mean FL-1 height) was expressed in arbitrary units, ranging from 1 to 10 000. The fluorescence bation conditions resulted in a moderate permeabilization of the plasma membrane (± by ␣-Vim) and nucleus (± by DNAindex (FI) was calculated by dividing the mean fluorescence intensity of cells stained with the specific antibody by the 42). The staining of vimentin was diffuse, suggesting that the cytoskeleton structure could not be preserved by 1% PF. After mean fluorescence intensity obtained using an isotypematched control antibody (tested at equal concentrations of Ac/4°C fixation, the pattern of vimentin staining was also diffuse. However, a nice cytoskeleton structure could be immunoglobulin).
observed when fixed at room temperature. This suggests that acetone fixation should be preferably performed at room temperature to maintain the intracellular organization of proteins.
Results and discussion
Good preservation of structures may be important when interested in the subcellular localization or distribution of the antiFixatives and incubation conditions gen, eg in vesicles. A total of 13 fixatives and incubation conditions were tested using six antibodies directed against different epitopes of PImmunocytochemistry -patient samples gp, MRP and LRP (Table 1) .
Based on the results obtained by fixation of cell lines, we made a selection of the three most promising fixatives for Immunocytochemistry -cell lines resistance protein detection, ie FAc, Ac and 1% PF (all at room temperature). The results are summarized in Table 2b ; differTo screen for suitable fixation methods we used the drugences between fixation methods were only evaluated when a resistant cell lines KB8-5 (P-gp + ) and SW1573-2R120 (MRP + , sample was stained positive in more than 20% of the cells. LRP + ). Table 2a summarizes the effect of several fixation conFor all three fixation conditions the background staining was ditions on resistance protein detection by immunocytochemislow and vimentin and DNA staining high. The latter indicates try. Fixation with phosphate-buffered 25% (v/v) formaldehyde that the nuclei of ALL cells have been well permeabilized solution in 45% (v/v) acetone (bufFAc/4°C), 4% paraformaleven by 1% PF which is generally used for external epitopes dehyde mixed with 5% acetic acid (4%PFAA), and methanol only. The nuclear DNA-42 staining after 1% PF fixation may (MeOH/4°C) resulted in high background signals produced by be explained by the fact that ALL cells are small (7-10 m) IgG isotypic control antibodies. This hampered the detection with relatively large nuclei compared to cell lines. This may of staining produced by specific antibodies. Therefore, these facilitate nuclear penetration by the fixative. fixatives should not be used in immunocytochemistry, Taking into account the staining intensity, background and especially not when proteins are weakly expressed. morphology, the optimal fixation condition for the detection Paraformaldehyde (1% PF) fixation resulted in clearly of P-gp was the same for C219, 4E3 and MRK16, ie the FAc detectable staining for P-gp, MRP and LRP, but a major disadfixation. The MRP antigen recognized by MRPm6 seemed to vantage of this fixation was the poorer morphology of cells be best preserved by using Ac, although the morphology of and elevated background staining. Fixation with 0.4% PF and the cells was somewhat less than when using the FAc fixation. 4% PF impaired the intensity of staining by 4E3 and LRP56 For MRPr1 and LRP56, FAc was superior compared to Ac compared to 1% PF, whereas staining by C219 was and 1% PF. unchanged. Considering the morphology, background staining, and reduction in signal of two antibodies, 0.4% PF and 4% PF were not further tested.
Flow cytometry -cell lines
A new and promising fixation method is the use of a mixture of 2% (v/v) formaldehyde solution and acetone incubated for Table 3a shows the effect of several fixation conditions on the flow cytometric detection of resistance proteins. Fixation with 10 s (FAc). This fast fixation resulted in clearly detectable The fixation method resulting in the highest staining intensity obtained score +, the next score ±, the third score −. Methods with comparable staining results obtained the same score. Differences between fixation methods were only evaluated when a sample was positive for Ͼ20% of the cells (two to four positive samples for each antibody). For abbreviations on fixation methods see Table 1 . The number of patients that has been used to determine the score of a fixation method is indicated at the bottom line. The most optimal fixation methods as discussed above were and MRK16, good staining results were also obtained using used to determine the reproducibility of immunocytochemical unfixed cells. The FI after fixation with bufFAc/4°C and and flow cytometric detection of resistance proteins in ALL 1%PF/4°C was always lower compared to the other fixatives, cells. indicating that they preferably should not be used in flow cytometry. The four fixation conditions with score 1 were subsequently tested on leukemic cells of patients.
Reproducibility of immunocytochemistry
The staining of resistance proteins was compared between: (1) cytospins made from fresh cells which were subsequently stored on silicagel for several days; (2) cytospins made from Flow cytometry -patient samples fresh cells which were subsequently stored at −20°C; and (3) cytospins made from fresh cells and cryopreserved cells (cytospins were stored on silicagel). In ALL cells, the choice of the fixation method affects the height of the FI, as has been summarized in Table 3b . Remarkably for 4E3, all samples were negative (fluorescence intensity (1) Reproducibility -cytospins stored on silicagel: Silicaof 4E3 was equal to the IgG2a control antibody). Other fixgel stored cytospins were tested on 2 (two patients) or 3 (five ations, eg Ac, were also tested for 4E3 staining of leukemic patients) consecutive days after preparation (Table 4a ). In 32 cells, but none succeeded in the detection of fluorescence of 41 samples tested (78%) comparable staining was obtained above the isotypic control (data not shown). The absence of on different days of testing. Of the nine (22%) discordant staining in patient ALL cells was unexpected because the same cases, six were derived from one patient who showed a stock solution of 4E3 revealed P-gp staining in cell lines. In decrease in staining on the 3rd day of testing for all six antiimmunocytochemistry the same stock of 4E3 stained both bodies including the positive control (DNA-42). This sugpatient samples and cell lines. In contrast, a new batch of 4E3 gested a technical failure on that day. The variation in the stained ALL cells both in flow cytometry and immunocytochremaining three cases did not systematically deviate in one emistry (data not shown). Furthermore, staining by the second direction, both increased as well as decreased staining was batch was more localized to the plasma membrane in contrast observed. to cytoplasmic staining by the first batch. This indicates that both staining intensity and staining pattern by 4E3 are highly batch dependent.
(2) Reproducibility -cytospins stored at −20°C:
In genFor C219, MRK16 and LRP56 the highest FI was observed eral, immunocytochemical staining on clinical samples is not after FAc fixation. Remarkably, for P-gp detection by MRK16 performed within days of collection, but rather over a longer leukemic cells had to be fixed whereas for cell lines unfixed time period. The long-term reproducibility of resistance procells were preferred. Apparently, the P-gp molecule is less tein staining was tested on leukemic cells from three patients. accessible to antibodies on the cell surface of ALL cells. This
Cytospins stored at −20°C were tested every 4 weeks over a may be due to topological differences between P-gp molmaximum period of 24 weeks. The first test included fresh ecules in the plasma membrane of KB8-5 cells and ALL cells, (silicagel stored) cytospins. Table 4b summarizes the test or due to epitope masking by other molecules present on Presults. Discordant staining, including both decreased (n = 19) gp or the plasma membrane. Another possibility may be that and increased (n = 12) staining, was found in one third (31/95) P-gp is not present on the cell surface, but is located intraof the assays; in patient 1 different staining results were cellularly.
observed in 31% (12/39) of the tests, in patient 2 this was 20% The need for fixation may be a good explanation why Tafuri (4/20) and patient 3 42% (15/36). For each antibody discoret al 22 only observed a low percentage of MRK16 positive dant staining could be observed, although this varied between cells (Ͻ5%) in unfixed childhood ALL samples. Despite this 18% (3/17) for LRP56 and 44% (8/18) for MRPm6.The daylow percentage, they were able to demonstrate a difference to-day variation may be due to fluctuations of reagents with in P-gp expression between initial and relapsed ALL patients.
time, for example, avidin-biotin stability, peroxidase activity, We are currently studying whether this difference is also chromogen quality, etc. Moreover, the intra-assay variation observed when cells are fixed prior to MRK16 staining. may be partly explained by the inter-observer discrepancy of Fixation with methanol (MeOH/−20°C) resulted in the high-20% (see Materials and methods section). In comparison, est FI (score 1) using MRPm6 and MRPr1 in both cell lines evaluation of four different techniques for MDR1/P-gp detecand patient samples (Table 3a and b, respectively). It was tion in freshly established cell lines of hematological origin apparent that the increased background staining as observed revealed that in 22% of the immunocytochemical tests inconin immunocytochemistry after methanol fixation was undesistent data (false negative or false positive by MRK16) could tectable in the green fluorescence spectrum used by flow cytobe observed. 23 In a study on adult AML using C219 the permetry. A disadvantage of this fixation method was the centage of false positive and negative samples was 26%. 24 In increased formation of cell debris and loss of cells in some conclusion, this suggests that one should take into account an (but not all) samples. Nevertheless, the MeOH/−20°C fixation inter-observer and intra-assay variation of about 30% when clearly resulted in the most optimal FI for MRPm6 and hence interpreting results obtained by immunocytochemistry over a should be used in flow cytometry. For MRPr1, comparable longer period. FI were also observed when cells were fixed with FAc, with negligible formation of cell debris. Therefore, we favor the use of FAc above MeOH/−20°C when using MRPr1.
(3) Reproducibility -cytospins of cryopreserved cells:
The effect of cryopreservation (in liquid nitrogen) on resistance patient, the FI for MRPm6 measured at day 1 was 84% higher compared to the first measurement on day 0. Averaging days protein staining was tested in seven patients with six antibodies (Table 4c ). Increased or decreased staining compared 1-3 for all antibodies, the mean percentage of deviation from the FI on day 0 was −1 ± 22% (n = 61). This indicates that the to freshly tested material was observed in 20 of 42 samples (47%). Since with fresh cells the assay varied in one third of detection of resistance proteins by flow cytometry was well reproducible within 3 days of isolation of leukemic cells. the tests, the additional effect of cryopreservation might be estimated to be 14%. It should be noted that the number of samples with decreased staining (n = 14) is higher than with increased staining (n = 6). This might be due to protein dam-(2) Reproducibility -cryopreserved cells: Cryopreserved cells were thawed and the expression of resistance proteins age caused by the storage conditions, ie the use of DMSO or liquid nitrogen. Since this decrease was mainly observed in was analyzed. Figure 1b shows a comparison between the FI of LRP in fresh and previously cryopreserved cells in eight one patient, it was probably a sampling problem rather than a general effect of cryopreservation. As will be discussed ALL samples. The maximum difference observed was a 69% increase in the FI after cryopreservation in one sample. After below, flow cytometric analysis after cryopreservation was highly reproducible, suggesting that protein damage is cryopreservation, the mean percentage of deviation from the LRP FI of freshly tested cells was 10 ± 32%. Also for the other negligible.
antibodies, staining of previously cryopreserved cells was comparable to freshly tested cells. When summarizing all antibodies, the mean deviation from the FI of freshly tested cells was 4 ± 33% (n = 38). This variation was comparable to the Reproducibility flow cytometry fluctuations observed when tested within 3 days of isolation. The absence of an overall decrease in staining compared to The reproducibility of resistance protein staining by flow cytometry was studied: (1) by testing fresh samples on different fresh cells indicates that protein structures are not (or only occasionally) damaged by cryopreservation. days after isolation (stored at 4°C); and (2) by comparing fresh and cryopreserved cells.
In summary, the data suggest that the flow cytometric detection of resistance proteins is well reproducible both on fresh material and on cryopreserved cells. This facilitates sample handling in the laboratory; firstly, when a clinical sample (1) Reproducibility -fresh cells:
On 3 consecutive days after isolation from whole blood (day 0), leukemic cells were arrives at the laboratory the expression of resistance proteins can be reliably tested within 3 days of isolation, and secondly, tested for resistance protein expression. For each antibody, day-to-day fluctuations in the height of FI could be observed.
cryopreserved samples can be collected until simultaneously tested. As an example, Figure 1a shows the results of LRP staining measured at 2 different days in 12 childhood ALL samples. For LRP, averaging days 1-3, the mean percentage of deviation from the FI on day 0 was 4 ± 17%, which was comparaConclusions and recommendations ble with the deviations observed using the other antibodies. However, in some individual cases, large differences between
The optimization of resistance protein detection in childhood ALL resulted in fixation methods which differ from those gentwo measurements could be observed. For example, in one absence of staining on ALL cells in flow cytometry is unexpected, but might be due to an antibody batch problem. Whatever the reason, we feel that 4E3 should not be used in the flow cytometric detection of P-gp in childhood ALL.
The intensity of staining fluctuated in one third of the tests in immunocytochemistry over a longer period, and differed in 22% of the tests when performed within days of preparing the cytospins. In flow cytometry, the day-to-day variation of fluorescence intensity was −1 ± 22%. In both flow cytometry and immunocytochemistry, staining of cryopreserved cells was not different from freshly tested cells, suggesting that cryopreservation does not damage resistance protein structures. An intra-assay variation is unavoidable whichever technique is used. Therefore, when studying the expression of resistance proteins, all samples should be tested simultaneously (which is hardly possible in daily practice) or specimens from different prognostic groups should be tested side by side. Finally, the prognostic relevance of resistance proteins should be demonstrated in a prospective study.
In conclusion, we have shown that the detection of P-gp, MRP and LRP can be improved using optimized fixation conditions for each antibody in both immunocytochemistry and flow cytometry. The techniques are applicable for large scale testing of ALL samples, both on fresh and cryopreserved samples. Standardization of these techniques may improve inter-laboratory comparisons made on resistance protein expression. We are currently investigating the clinical relevance of resistance protein expression in childhood leukemia in a large prospective study.
